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Abstract: We report herein a methodology for conformally coating nanocrystalline TiO; films with a thin
overlayer of a second metal oxide. SiO,, Al,O3, and ZrO, overlayers were fabricated by dipping mesoporous,
nanocrystalline TiO; films in organic solutions of their respective alkoxides, followed by sintering at 435
°C. These three metal oxide overlayers are shown in all cases to act as barrier layers for interfacial electron
transfer processes. However, experimental measurements of film electron density and interfacial charge
recombination dynamics under applied negative bias were vary significantly for the overlayers. A good
correlation was observed between these observations and the point of zero charge of the different metal
oxides. On this basis, it is found that the most basic overlayer coating, Al,O3; (pzc = 9.2), is optimal for
retarding interfacial recombination losses under negative applied bias. These observations show good
correlation with current/voltage analyses of dye sensitized solar cell fabricated from these films, with the
AlL,O3 resulting in an increase in Vo of up to 50 mV and a 35% improvement in overall device efficiency.
These observations are discussed and compared with an alternative TiCl, posttreatment of nanocrystalline
TiO, films with regard to optimizing device efficiency.

Introduction conformal growth of insulating overlayers on the surfaces of
such nanoporous films may be an important approach to achieve
cthis®~ In this paper, we address in detail the growth of
conformal metal oxide insulating overlayers on preformed

Control of the structure of inorganic materials on the
nanometer scale is currently attracting extensive interest. A rang
of fabrication procedures have been developed for the fabrication . e ; I
of mesoporous, nanocrystalline metal oxide films comprising Nanocrystalline Ti@ films, focusing on the ability of such
continuous networks of inorganic nanoparticles with dimensions insulating layers to retard interfacial recombination dynamics
ranging from 5 to 200 nm. Such films are now attracting interest 21d thereby modulate the performance of Dye Sensitized Solar
as electrodes for solar cefissmart windows, displays, bio-  Cells fabricated from these films.
inorganic application3,and heterosupramolecular deviéés. Dye sensitized solar celi{DSSC) comprises a dye sensitized
Interfacial electron-transfer dynamics are fundamental to all of nanocrystalline porous metal oxide film, interpenetrated by a
these device applications. Optimization of these interfacial hole transporting material, typically a liquid electrolyte contain-
dynamics, and specifically the development of film structures ing an /I3 red/ox couple® The main charge-transfer events
that minimize interfacial recombination dynamics relative to taking place at the Tigdye/electrolyte interface are depicted
charge transport through the film, is a key issue in achieving in Scheme 1. Visible light is absorbed)(by the sensitizer dye
improvements in device performance. Research into this area(e.g., Rul(NCS), where L is 4,4dicarboxy-2,2bipyridyl)
is increasingly addressing the use of-sgél chemistry proce- ~ followed by electron injectiont), from the excited state of the
dures to obtain more sophisticated architectures and therebydye into the conduction band of the TiO'he dye ground state

improved functiorf.7 It has recently been suggested that the IS then regenerated by electron transfer from afsT redox
couple in film poresé). Efficient operation of the DSSC devices

(1) O'Regan, B.; Gitzel, M. Nature 1991, 353 737—739.
(2) Janez, K.; Marko, T.; Smole, F.; Krasovec, O.; S., L. U.; Orel SBI.

Energy. Mater. Sol Cell2002 71, 387-395. (8) Tennakone, K.; Bandara, J.; Bandaranayake, P. K. M.; Kumara, G. R. R.
(3) Topoglidis, E.; Collin, J. C.; Palomares, E.; Durrant, JORem. Commun. A.; Konno, A. Jpn. J. Appl. Phys2001, 40, L732—L734.
2002 1518-1519. (9) Kumara, G. R. R. A.; Tennakone, K.; Perera, V. P. S.; Konno, A.; Kaneko,
(4) Ryan, D.; Rao, S. N.; Rensmo, H.; Fitzmaurice, D.; Preece, J. A.; Wenger, S.; Okuya, M.J. Phys. D: Appl. Phys2001, 34, 868-873.
S.; Stoddart, J. F.; Zaccheroni, 8. Am. Chem. SoQ00Q 122 6252— (10) Zaban, A.; Chen, S. G.; Chappel, S.; Gregg, BCAem. Commur200Q
6257. 2231.
(5) Cusack, L.; Marguerettaz, X.; Rao, S. N.; Nagaraja, S.; Wenger, J.; (11) Palomares, E.; Clifford, J. N.; Haque, S. A.; Lutz, T.; Durrant, TRkem.
Fitzmaurice, D.Chem. Mater1997, 9, 1765-1772. Commun2002 1464-1465.
(6) Decher, GSciencel997, 277, 1232. (12) Gratzel, M.Nature 2001, 414, 338—-344.
(7) Caruso, R. A,; Susha, A.; Caruso, Ghem. Mater2001, 13, 247—279. (13) Hagfeldt, A.; Graetzel, MAcc. Chem. Re®00Q 33, 269-277.
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Scheme 1. Schematic Representation of Electron Transfer Table 1. Characteristics of the Metal Oxides Employed in This

Processes in Dye-Sensitized Blocking-Layer Photoelectrode Study

Showing Photogeneration of the Dye Excited State (d), Electron

Injection into the Conduction Band of Nanoporous TiO2 (b), . band-gap Eve Ece Pzc

Regeneration of the Dye Ground State by Electron Transfer from metal oxide eV] [V vs SCEP [V vs SCEF* (pH units)

the Redox Couple (e), and the Wasteful Charge Recombination ; _ _

Pathways of Injected Electron Recombination Oxidized Dye ?:.82 208'9 ig% _igi gi
lecules (c) and with Oxidized Redox Couple (f). Also Shown Is 2 ' ’ o ’

Mo Al,03 8.45-9.9 +3.85 4.45 9.2

Dye Excited State Decay to Ground (a), Which Competes with

Electron Injection

TiO, AbO; Dye a For comparison the thermalized excited-state oxidation potential of the
SHS* sensitizer dye RW(NCS) is +0.84V vs SCEP For comparison with
potentials versus Ag/AgCl, V vs SCE is equivalent-t6.039 V at 25°C
4 versus Ag/AgCl.

TiO> 3.0-33 +2.73 —0.42 55

d| s Building upon these studies, we have recently reported a rather
simple procedure for the fabrication of an,®; coated TiQ
film,2* and demonstrated that this coating resulted in both
£ retardation of interfacial recombination dynamics and improve-
o | c \\gfp?: ment in device performance.
In this paper, we compare the function of three different metal
oxide overcoats, ADs, ZrO,, and SiQ, grown on preformed
2 — nanocrystalline TiQ semiconductor films. We consider the
ability of these films to modulate interfacial electron transfer
dynamics and thereby improve the performance of DSSCs. The
relies upon the minimization of the possible recombination key materials properties of these metal oxides are summarized
pathways occurring at the Tiflye/electrolyte interfack, in Table 1. It is apparent that the conduction band edge for all
allowing efficient charge transport through the Fifdm and three metal oxides are significantly negative of both the,TiO
the electrolyte and subsequent charge collection at the deviceconduction band edge and dye excited state oxidation potential,
contacts. Two interfacial recombination pathways are of primary indicating that all three metal oxides should function as physical
importance for DSSC’s: the injected electrons may recombine barrier layers for both electron injection and charge electron
either with oxidized dye molecules)(or with the oxidized redox recombination reactions. We note, however, that these metal
couple f). The latter is thought to be particularly critical to  oxides differ significantly in their point of zero charge (Pzc).
device functiont? We show herein that there is a strong correlation between the
In the last two years, several groups, including our own, have pzc of these metal oxides, and the ability of overcoats fabricated
demonstrated procedures for conformally coating nanocrystalline from these metal oxides to improve the performance of dye
metal oxide films with a thin overcoat of a different metal oxide sensitized solar cells.
with a higher conduction band ed#e!®1” as illustrated in
Scheme 1. This overcoat is intended to increase the physical
separation of injected electrons and oxidized dyes/ red-ox couple ~Silicon Methoxide (99.9%) Alumina trsecbuthoxide (99.9%),
and thereby retarding the recombination reactin&uch Zirconia iso-butoxide (99.9%) and the remaining chemicals s were
conformal coating films are analogous to binary core/shell purchased from Aldrich Chemical Co. and used as received, _except
nanoparticles, where electronically insulating shell layers are Carbowax 20,000(Fluka). The dye RYNCS) (chemical name [cis-
grown on nanoparticles in solution to shield the core material bis(isothiocyanato) bis(2 Dipyridyl-4,4-dicarboxylato)-ruthenium(il)

; - bis-tetrabutylammonium] was received from Johnson Matthey Ltd.
of the nanoparticle from the _e>_<terna| environm&hVe note Conducting glass substrates (15 Ohm/square F-dopeds)Smere
however that for the DSSC, it is preferable that the coating is ¢jeaned with water, rinsed with ethanol, dried at 2aDin the oven
conducted conformally upon the preformed metal oxide film; ang fired prior to film deposition.
the fabrication of films from precoated core/shell nanoparticles,  The thickness of the nanocrystalline Fifims was measured with
as has been employed in several recent repbts20-21can be a DEKTAK profilometer. Absorption spectra were recorded using a
expected to result in insulating barriers between the nanopar-Shimadzu 1601 UVtvis. Spectrometer. High-Resolution Transmission
ticles, impeding efficient electron transport through the film. Electron Microscopy (TOPCON 002B 200keV) was employed to
Studies to date have demonstrated improvements in DSscdetermine overcoat thickness and estimate the average particle size.

E[V] vs. SCE

1
119

Experimental Section

device performance for NBs coated TiQ films and for films ~ X-ray Photoelectron Spectroscopy (XPS) measurements were employed
fabricated from Sn@particles coated with MgBand Zn0?2 to determine flln"! composmon from the relative intensities of the Ti
3p, Al 2p, and Si 2p signals.
(14) Kalyanasundaram, K.; Gratzel, Micelles, Microemulsions, Monolayers, The TiG, paste, consisting of 15 nm sized particles as determined
Int. Symp.1998 579-603. by HRTEM, were prepared from a seyel colloidal suspension
823 ﬁﬁ%eadrg’ ZG '3”%9'%%65%2 Erg%?gkmaeteéhse%Cf'e"t’?zggog’j'lgg?' containing 12.5wt % Ti@ particles and 6.2wt % Carbowax 20 000.
81, T ' T The nanoparticles were fabricated by the following procedure. 20 mL

(17) Zaban, A,; Chen, S.; Sukenik, C. N.; Pizem Atsstracts of Papers, 222nd  of titanium iso-propoxide were injected into 5.5 g. of glacial acetic
ACS National Meeting, Chicago, IL, United States, August3® 2001 . . . X
2001, CHED-285. acid under argon atmosphere and stirred for 10 min. The mixture was

(18) Tennakone, K.; Bandara, J.; Bandaranayake, P. K. M.; Kumara, G. R. A.; then injected into 120 mL of 0.1 M nitric acid under anhydrous

Konno, A.Japn. J. Appl. Phys., Part 2: Let001, 40, L732-L734. ; : ;
(19) W., C.Y - Banin, UAngew. Chem., Int. Ed. Endlo9d 38, 3692-3694. atmosphere at room temperature in a conical flask and stirred
(20) Kumara, G.; Tennakone, K.; Perera, V. P. S.; Konno, A.; Kaneko, S.; Okuya,

M. J. Phys. D-Appl. Phy=2001, 34, 868-873. (22) Kumara, G. R. R. A.; Konno, A.; Tennakone,®hem. Lett2001, 2, 180—
(21) Chappel, S.; Chen, S. G.; Zaban,lAangmuir2002 18, 3336-3342. 181.
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vigorously. The flask was left uncovered and heated &t@for 8 h.
After cooling, the solution was filtered using a 0.45 mm syringe filter,
diluted to 5wt % TiQ by the addition of HO and then autoclaved at
220°C for 12 h. The colloids were re-dispersed with a 60 s cycle burst
from a LDU Soniprobe horn as reported befétéhe solution was then

determined by a Metrohm 737 Coulometer. The solution was degassed
with argon gas prior to and during all optical experiments. The effect
of applied bias upon transient data was reversible in all cases.
Potential Step Chronoamperometry.Chronoamperometry studies
employed the three-electrode cell as detailed above, except that the

concentrated to 12.5% on a rotary evaporator using a membrane vacuunfilms were unsensitized. The three-electrode cell was left 200mV

pump at a temperature at 4Q. 6.2 wt %. Carbowax 20 000 was added
and the resulting paste was stirred slowly overnight to ensure

vs Ag/AgCI reference for 10 min to allow equilibrium to be reach. A
bias step of-25 mV was then applied, the current transient recorded

homogeneity. The suspension was spread on the substrates by a glags~-50 k samples/sec) and integrated as detailed below. The same
rod, using 3M adhesive tapes as spacers. After the films were dried in procedure was carried out at 100mV intervals, with the sample held at

air, they were sintered at 45C for 20 min in air. The thickness of
the TiQ;, films was controlled using different tapes, resulting in film
thicknesses of between 4 and 8 mm.

After sintering, the TiQ films were coated with metal oxides
overlayers by dipping each film in a solution of suitable precursors,
followed by sintering at 438C for 20 min, following a methodology
based on the hydroxylation of the Tiims as described previous#.
The precursor solutions employed were 0.15 M solution of aluminum
tri-secbutoxide in dry 2-propanol, 0.15 M of silicon methoxide in dry
methanol and 0.15 M solution of zirconium iso-butoxide. These

the new voltage for 5 min prior each25 mV step to allow stabilization
of the dark current. Electron flow into the film was quantified by
integration of the fast charging transient observed following each
potential step, yielding a potential dependent film capacitance. Slow
charging transients, most probably associated with lithium diffusion/
intercalation processes, were neglected as discussed previously.
Integration of these film capacitances allowed calculation of the density
of electrons added to the film as function of the applied bias.
Photovoltaic Device Characterization.The dye-sensitized films
were cut up into smaller electrodes with an active area of 08acmd

nonscattering precursor solutions were prepared under anaerobicwere stored under a dry atmosphere. A sandwich cell was prepared
conditions in a glovebox; however, once prepared the solutions were with a second conducting glass coated with chemically deposited

not air sensitive, allowing dipping to be conducted under ambient

platinum from 0.05 M hexachloroplatinic acid (Aldrich) in 2-propanol

conditions. To keep similar conditions between the standard and coated(Aldrich). Both titanium dioxide and platinum plates were then sealed

electrodes, the nanoporous Tifilms without coatings were sintered

together with a transparent film of Surlyn 1472 polymer (DuPont) at

at the same time as coated ones. The precursor solution was heated t410°C. The electrolyte comprised Tetra-butylammonium iodide 0.6M

60—70 °C prior to dipping the nanocrystalline film in the solution for
20 min. Experiments were conducted as a function of precursor

(2.216 g), Lil 0.1M (0.134 @), 0.1M (0.253 g), and 4ert-butyl
pyridine 0.5M (0.676 g) in 10 mL. This electrolyte was introduced

concentration, dipping time and temperature and repeated dipping/through holes drilled in the counter electrode, which were sealed

sintering cycles. The overlayer growth was found to be insensitive to

immediately with a microscope cover slide and additional Surlyn to

dipping time or temperature, but dependent upon precursor concentra-avoid leakage of the electrolyte solution. Current/voltage measurements

tion and the number of repeat cycles, consistent with previous
observationg® For convenience, the precursor concentration was
maintained at 0.15 M for all studies reported in this paper, with
overlayer thickness being controlled only by repeating the dipping/
sintering cycle up to 4 times.

Sensitization of the photoelectrodes with R(NICS), was achieved
by immersing the electrodes in a 1mM solution of dye in 1:1
acetonitrilefert-butyl alcohol overnight, followed by rinsing in ethanol
to remove unadsorbed dye.

Nanosecond-Millisecond Laser Transmittance Spectroscopy.

were made with a ScienceTech solar simulator and AM1.5 spectral
filter. Calibration of the light intensity was achieved using band-pass
filters of know transmission combined with a silicon photodiode with
independently certified spectral response. The lamp intensity was
adjusted to give a closeH5%) agreement with the theoretical AM
1.5 intensity over the spectral region of dye optical absorption<{450
700 nm).

Results

Materials Characterization. HRTEM was employed to

Transient absorption studies of the dye sensitized nanocrystalline films investigate the thickness and uniformity of the overlayers grown

were conducted as detailed previously by covering the film with a 1:1

on nanocrystalline Tiefilms as detailed above. Following film

ethylene carbonate/propylene carbonate solution and glass covetslide. fahrication and overlayer growth, the films were removed from
For determination of the transient absorption data, samples were excitedihe glass substrate, powdered, and then deposited on the TEM

at 625 nm with pulses from a nitrogen laser pumped dye las&ng
pulse duration, 0.8 Hz, intensity0.04 mJ cm?). The optical density
of the dye sensitized films at 625 nm wa%.3 resulting in 0.51

absorbed photon per nanopatrticle. The resulting photoinduced change

in optical density was monitored by employing a 100 W Tungsten lamp,

grid. Data are shown in Figure 1, comparing data for an uncoated
film (Figure 1c and 1d) with data obtained for a film coated
with a single layer of AlO; (Figure 1a and 1b). The ADs
overlayer is clearly visible, conformally coating all of the

with 20 nm bandwidth monochromators before and after sample, a Particles, with a film thickness of 908 100 A. Overcoat

home-built photodiode based detection system and a TDS-220 Teck-

tronic DSO oscilloscope. U¥vis measurements were performed after

thicknesses were furthermore investigated by XPS measure-
ments. For single overlayers, peak ratios for Ti:Al ratio of 1.7:1

each experiment to monitor any desorption/degradation of the sensitizerand for Ti:Si of 1.5:1, indicative of film thicknesses of between

dye. No changes in the UWis spectra were observed for the
photoelectrodes after transient absorption experiments.

0.7 and 1 nm, assuming a homogeneous coating thickivéss
consistent with the HRTEM data.

For the experiments under external applied bias, the dye-sensitized Nitrogen absorption analysis indicted the pore volume fraction

nanoporous metal oxide film formed the working electrodd. cn?

macroscopic surface area) in a three-electrode photoelectrochemicak

cell employing a platinum foil counter electrode and a Ag/AgCl
reference electrode. The electrolyte solution comprised 0.1 M tetra
butylammonium perchlorate, 0.1M LiClOin 15 mL anhydrous
acetonitrile, prepared with a final water content ®20 ppm HO

(23) Ichinose, I.; Senzu, H.; Kunitake, Them. Mater1997, 9, 1296-1298.
(24) Haque, S. A.; Tachibana, Y.; Willis, R. L.; Moser, J. E.; Graetzel, M.;
Klug, D. R.; Durrant, J. RJ. Phys. Chem. B00Q 104, 538-547.

of the films was unaffected by the coating procedure (at least
or single overlayers), with an effective surface of 14%/gn
being obtained for all films. Pore volume fractions, determined
from the mean film density by weighing a know volume of
film, were also found to be unaffected by the single overlayer,
being in all cases 48 5%.

(25) Willis, R. L.; Olson, C.; O’'Regan, B.; Lutz, T.; Nelson, J.; Durrant, J. R.
J. Phys. Chem. BR002 In press.
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— 2 nm

—— 10 nm

Figure 1. HRTEMSs of TiQ; nanoparticles in the presence (a, b) and absence
(c,d) of an AbOs overlayer. The AlO3 overlayer was grown conformally

on a preformed nanocrystalline TiOThis film, and the uncoated control,
was then broken up to a powder to allow HRTEM analysis. Pictures (b)
and (d) are at high magnification.

Dye adsorption was monitored by collecting bVis absorp-
tion spectra of the films before and after immersion in the sen-
sitizing solution. The spectra were not corrected for film scatter,
however the films employed were all nonscattering (optical
transmission> 95% for wavelength> 415 nm). Single or
double overlayer growth did not increase sample scatter; how-

ever, further repeat coatings resulted in a significant increase

in film optical scatter. The overlayer treatment was found to
result in a~2-fold retardation of the time for dye adsorption
for all three metal oxide overlayers; in all cases, however, over-
night sensitization resulted in saturation of dye adsorption. This
sensitization resulted in film optical densities of 1.6 and 2.2
and 0.8 absorbance units in noncoated nanocrystallingdn®
coated photoelectrodes with alumina and silica films respectively
(optical density monitored at 535 nm, the R(NCS), absorp-
tion maximum). It is apparent from these data that the overlayer
with the highest pzc, and therefore, the most basic film surface,

resulted in the highest dye adsorption, as has been observed

previously for metal oxide coated Sp@ms.26

Electron Recombination Kinetics. The primary function of
the overlayer deposition is to retard interfacial charge recom-
bination (reactions andf in Scheme 1). We employed transient
absorption spectroscopy to assay this function, monitoring the
decay of induced absorption of the R(UNCS), cation due to
reactionc observed following pulsed laser excitation of the
sensitized films in the absence of any applied bias or redox
active electrolyte. As shown in Figure 2, Zr@\l,O3, and SiQ
overlayers all result in significant retardation of the recombina-
tion dynamics, consistent with the expected blocking layer
function of these materials. It is furthermore apparent that the
electron injection yield (reaction 2), monitored by the initial

AO.D. x10%

L e e

10% 105 104 10% 10?
Time (s)

L e

101 1

Figure 2. Transient absorption data monitoring photoinduced absorption
of the Ruly(NCS), cation following optical excitation of the dye adsorbed

on nanoporous (a) Ti§(b) Al,Os/TiO,, (¢) SIG/TIO,, and (d) ZrQ/TiO,
photoelectrodes. The signal decay is assigned to charge recombination of
the dye cation with electrons in trap/conduction band states of the TiO
semiconductor (reaction c in Scheme 1). Optical excitation is at 630 nm,
and detection at 800 nm.

1 ) \I I'.

Nal
-,

105 105 104 10 102 107
Time (s)
Figure 3. Transient absorption data monitoring photoinduced absorption
of the dye cation following optical excitation of the dye RUNCS)

adsorbed on nanocrystalline Ti@ms with (a) 0, (b) 1, and (c) 2 AlD3
overlayer coatings.

the initial dye cation signal, indicating that thicker overlayers
results in a retardation of the electron injection dynamics to
such an extent that they no longer compete successfully with
dye excited-state decay. For this reason, for the remainder of
this paper we focus on overlayer coatings fabricated by a single

amplitude of the cation absorption signal, is essential unaffected!Mmersion procedure, as employed in Figure 2. A more detailed

by these overlayers.

Figure 3 addresses the influence of overlayer thickness on
the interfacial electron-transfer dynamics. Data are shown for
TiOz films following either one (as in Figure 2) or two
immersions in Alumina trsecbuthoxide solution. It is apparent
that the recombination dynamics are further retarded by the
repeat dipping, consistent with increased thickness of th@:Al
overlayer. However, this repeat immersion results in a loss of

(26) Kay, A.; Grazel, M. Chem. Mater2002 14, 2930-2935.
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analysis of the influence of overlayer thickness upon injection
dynamics will be presented elsewhere.

Influence of Applied Bias. Interfacial recombination dynam-
ics in dye sensitized nanocrystalline Li@ms are strongly
dependent upon the electron densiiy, and therefore the Fermi
level of, the metal oxide film. This dependence is critical to
the function of DSSCs, as electron injection into the metal oxide
film under illumination results in a significant electron density
in conduction band/trap states of T@ilm, and is indeed
integral to generation of a photovoltage in such devices.
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Figure 4. Electron densities added to the nanocrystalline films by an -0.8 06 -04 02 00 0.2

applied external bias(Ag/AgClI electrode reference) in a three electrode cell A A v
with redox inactive electrolyte, determined from integration of film Applied Bias (V)
capacitances obtained by integration of potential step chronoamperometry

] : . . Figure 5. Dependence of the half time for charge recombinatigyupon
2?2% 3/%%3 ;?ﬁgv n o) TiOz, (O) SIGTIOz () ZIOATIO, and @) applied bias (Ag/AgClI electrode reference) for R(NCS) sensitized M)

TiOz, (O) SIO,/TIO, and @) AlO3/TiO- films. tsey data obtained from

The function of overlayer coated films under applied bias transient absorption decays analogous to those shown in Figure 2 collected
as a function of applied bias in a three electrode photoelectrochemical cell

was investigated by incorporating the films as the working yjth redox inactive electrolyte.
electrode of a three electrode photoelectrochemical cell. Electron
occupancies as function of applied bias were determined by
potential step chronoamperometry and correlated with transient
absorption measurements of interfacial recombination dynamics. [T g T
The potential step technique is summarized in the Materials and
Methods and reported in more detail elsewr&r&lectron
densitiesn determined by this technique for unsensitized films
are shown in Figure 4. It is apparent that the bias dependence
of the electron densities is strongly dependent upon the metal
oxide overlayer. Although ADs overlayer results in a reduced
dependence ofh upon applied bias, both SiOand ZrQ
overlayer result in an increase this dependence relative to the
uncoated Ti@film. Qualitatively similar results were obtained
from cyclic voltametry, with film charging under negative
potentials being observed to be greatest for,Si@ated films, T e \ A
and least for AIO; coated films. 0 ,]'_2 “[4 .]'_(, 08
Figure 5 addresses the bias dependence of the interfacial Voltage (V)
recombination dynamics as function of metal oxide overlayer. _ i ) .
Transient absorption data such as those shown in Figure 2 Weregl“{f”? g Current/voltage characterizitics of typical dye sensitized solar
ells fabricated employing Ru(NCS) sensitized (a) Ti@ (b) SiQ/TiOy,
collected as a function of applied bias. The half times for these and (c) ALOy/TiO. films. Data are shown for film thicknesses were 8 mm,
decaystsoy, are plotted in Figure 5 as a function of the applied cell active areas were 0.8 érData shown were obtained under AM1.5

. . : . : i+~ Simulated sunlight;100 mWent? calibrated as detailed in Materials and
bias. At positive applied biases, when the film electron densities Methods. The insert shows the corresponding dark current data. All data

are expected to pe (_jominated by eleCt_rons photoinjected by thegptained for nonscattering films with transparent counter electrodes.
pulsed laser excitation, and therefore, independent of overlayer

composition, both the AD; and SiQ overlayers result in a tion, reactionc in Scheme 1. This effect is largest at negative
~4-fold increase insge, relative to the control films with no applied biases, an observation of particular importance as such
overlayer. This retardation of the recombination dynamics is in applied potentials correspond to the Fermi levels expected in
agreement with the recombination data obtained in the absencelevices operating load.

of applied bias shown in Figure 2. However, under negative  Dye Sensitized Solar CellsThe photovoltaic performance
applied biases, the recombination dynamics exhibit remarkably of the DSSC nanocrystalline films were assessed by the
different dependencies upon applied bias depending for the twofabrication of “sandwich” type DSSCs. The sensitization time
different metal oxide overlayers. For the Si€ated films, the of the films were adjusted to ensure equal dye loadings for all
recombination dynamics accelerate rapidly at negative biases,photoelectrodes, to avoid differences in device performance
and for biases<—300 mV are actually faster than for the deriving only from differences in dye loadings between the

/

i | e,

h
1

Photocurrent Dessity © mAem’)

40 \\\ \\

Photocurrent Density (mA/cm?)

=

uncoated nanoporous Ti@Im. In sharp contrast, for the AD3 different films. Typical data obtained in the dark and under AM
oxide coated film, the recombination dynamics are almost 1.5 simulated solar irradiance are shown in Figure 6. The dark
independent of applied potential for voltages up—t800mV. current data address the voltage dependence of the recombina-

It can be concluded from the above that the@ overlayer tion reaction to oxidized redox species in the electrolyte (reaction
is most effective at retarding the interfacial charge recombina- e in Scheme 1). It is apparent that the voltage dependence of
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galﬂ/e é b_Curreéltf/Volt%ge Cféara%tedistics OL E%yg Slg_rllsitizsed S_O_Iard losses, but less dependent upon the interfacial injection dynam-

ells Fabricated from Coated an ncoate 10, Films Sensitize : . H :

with RUL,(NCS), and Obtained under AM1.5 Simulated Sunlight® !c_s. T_he latter _ratlonale is based_upor_1 the observation that the
injection reaction for uncoated films is much faster than the

: h C6) Voc m s ) f (%) dye excited-state decay to ground. For the di-TBA salt of RuL
°TiO, 3.7 735 9.1 55.1 (NCS) employed in this study, we have previously reported
aSi0,TiO2 4.4 710 10.6 58.1 the half fime for electron iniection to bel2 ps?’ imatel
aA1L,04TiO, 56 760 121 611 e half time for electron injection to 2 ps;’ approximately
acAl,05TiO; 1.4 860 2.45 65.6 100 faster than dye excited state decay in the absence of electron
ZZ_rOz/TiOz 3.6 675 9.1 59.5 injection, suggesting that the injection yield will be insensitive
dg'i?)j/TiOz gg ;ig 21 g‘éé to a modest retardation of the rate of electron injection. The
A1, TIO; 25 760 5 65.4 former rational is based upon the widely accepted concept that
9Zr0yTiO, 2.0 710 5.1 51.6 charge collection in DSSCs is largely limited by kinetic

ag thick filmb Dat ed h lected with competition between charge transport in the Jflm and/or

mm thickness filmP Data presented here were collected wi . : g s i g
nonscattering films and matched dye loading (approximateB0% electrol_y_te e_md interfacial chargg recomb!natlon. This klne_tlc
monolayer coverage) in order to focus on the influence of the coating on COmMpetition is expected to be particularly critical when operating
the interfacial dynamics, as detailed in the text. The use of scattering films the cell under load, as under these conditions the electron density
and saturated dye loading (EP, JRD, Md. Nazeeruddin, and Mz&ra . o S .
unpublished data) resulted in average device efficiencies of 6% and 6.9% in the f||_rr.1 is highest, and therefore the recombination dynamics
for TiO, and ALO3/TiO; films, respectively ¢ Al,Os overlayer coated four most critical.

times. All other data for single overlayer coatindg mm thickness film. We have demonstrated that conformal overlayers of a range
¢ All data presented are average data obtained from a minimum of 7 devices

for each film type, with all devices fabricated from a single batch of;Tio  Of metal oxides can be grown on porous nanocrystalline; TiO
paste. films by a solution chemistry approach under aerobic conditions.
. ] The overlayer thickness, may be controlled by repeated dipping.
the dark current is enhanced by the sverlayer butreduced  The chemical mechanism of this overlayer growth has been
by the ALO; overlayer, in good agreement with the voltage yiscussed previoust§for the growth of different metal alkox-
dependence of thtgoy data shown in Figure 5 for recombination  jqes such as Ti(iOPy)layers on conducting glass substrates.
to dye cations (reactiorc)in Scheme 1). _ ~ The coating procedure route is based on an in situ polymeri-
Device performance characteristics under simulated sunlight 4tion reaction initiated by hydroxyl groups on the hydrated
are summarized in Table 2. A; expecteq from the recombination TiO, surface, leading to the hydrolysis and condensation of
dat? _presented abgve, devices fabnc_:ated _fror@OAhOz metal alkoxides precursors. Sintering at 430 completes
exhibit the best device performance, with an increase of open y4lymerization process started by the physi-adsorbed water on
circuit voltage of~50 mV relative to the uncoated film, and nanocrystalline Ti@film.
an increase in the fill factor. A similar result was obtained for
devices fabricated for optimum device efficiency (i.e., saturated
rather than matched dye loadings, scattering rather than
transparent electrode) which yielded average device efficiencies

of 6% and 6.9% for TiQ and ALOJ/TIO, films respectively For the case of A3 we have studied the influence of layer

(E.P’ JRD, Md. Nazeeruddin and M. Gmli unpublished data). . thickness and observe that as expected, the recombination half
It is furthermore apparent from the data in Table 2 that there is time increases with overlayer thickness. The HRTEM data of
afg(;]oddco[(relatlon bet\’gfe? thehShg,tﬁ'n the \f{(l)ltage OIeF?endencec‘,oated nanoparticles (Figure 1) indicate a reasonably homoge-
o the dar _curr_ent antoc for _t e d er_ent ims, conS|ste_nt neous overlayer thickness. This observation is consistent with
with recombination reactioabeing the primary loss mechanism the recombination data shown in Figure 2. An inhomogeneous

in the device illumination. . . . overcoat thickness would result in more dispersive (i.e., more

Table 2 shows qlata} obtam_ed for devices fabricated both stretched) recombination kinetics, whereas we observe the
f.rom 4 and 8 mm T|Qf|lms. It is apparent that 'for the 8 mm coating actually results in less dispersive (i.e., more monoex-
films, _aII three_ rr_1eta| Ox'd_e overlayers result in an enh_ance- ponential) kinetics, indicative of a homogeneous film thickness.
men_t inlso This Increase insc was not obser_vec_j for dgwces The small reduction in the dispersion of the kinetics with the
fabricated from 4 mm films. Furthermore, as '”d'_cated in Table overcoats is attributed to a shift from transport to interface
,2' the use of a thicker ADs overlayer results in a further limited recombination dynamics, as we have discussed else-
Increase 'nYOC’ but at thg .expense Of, a Iowgc and Iower. where?® We note that multiple overlayer coatings result in more
overall dewc_e power efficiency, consistent with the transient dispersive recombination dynamics (Figure 3) and (2
data shown in Figure 3. coatings) more optically scattering films, indicating that over-
Discussion layer thickness becomes less homogeneous with such multiple
treatments.

All three metal oxide overlayers result in similar retardation
of the recombination dynamics in the absence of applied bias;
however their influence on the recombination dynamics under
applied biases are remarkably different, as illustrated in Figure

Our studies have investigated three different metal oxide
overlayers on TiQAI;O3, SiO,;, and ZrQ. In all cases, a
retardation of interfacial recombination dynamics in observed,
consistent with the blocking layer function of these overlayers.

In this paper, we have investigated the effect of conformal
insulating layers grown on nanocrystalline ifdlms on their
interfacial electron dynamics, and thereby on the performance
of dye sensitized solar cells fabricated from these films. The
insulating layers employed, D3, SiO,, and ZrQ, are expected
to acF as barrigr Iayers for all of the ir}terfacial electron transfer (27) Tachibana, Y.: Nazeeruddin, M.: Gzal, M.: Klug, D. R.; Durrant, J. R.
reactions detailed in Scheme 1 (reactions b, ¢, and f). The central’ " chem. Phys2002 285, 127-132.
rational for this approach is that device efficiency is critically (28) Ichinose, |.; Kawakami, T.; Kunitake, Rdv. Mater. 199§ 10, 535-539.

. . X . 7 (29) Clifford, J. N.; Yahioglu, G.; Milgrom, L. R.; Durrant, J. Rhem. Commun.
dependent upon retardation of interfacial charge recombination 2002 1260-1261.
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5. We have previously demonstrated that the dependence of theoxide blocking layers (high pzc’s). Studies of alternative high
recombination dynamics upon applied bias derives from the pzc metal oxides, such as MgO, are currently ongoing.

influence of the applied bias upon the density of electrons in

conduction band/sub band gap states of theTil® n(V). Our
previous studie’-30 have demonstrated a strong correlation
betweemn(V) and bias dependence of recombination half time
ts00d V) for both nanocrystalline Ti©and ZnO films. Compari-

SiO,, Al;O3, and ZrQ overlayers resulted in an enhancement
in Isc of the DSSC, as indicated in Table 2. This enhancement
is most remarked for thicker devices, with devices fabricated
from 8 mm TiQ, exhibiting enhancements &f; by up to 30%,
whereasls. for devices fabricated from 4 mm were largely

son of Figures 4 and 5 shows there is clear correlation betweenunaffected by the presence or absence of the overlayer. This
the chronoamperometric and transient absorption data for theeffect of film thickness can be readily understood in terms of

different films. The A}Os; coated film exhibits the smallest
dependence of both andtsge, upon bias. The Sipand ZrQ
coated films exhibit the strongest dependence of otnd
ts00 UpON bias; for the Si@coated film this bias dependence is
so great that for biases—300 mV, the recombination dynamics
are faster than for the uncoated film.
The influence of the metal oxide overlayers on the bias

dependencies af andtsoy, 0bserved in Figures 4 and 5 clearly

the relative importance of recombination losses in the devices
under short circuit conditions. In a thinner film, electron
transport to the Snfunderlayer is relatively easy, minimizing
recombination losses dt. However for the thicker films,
electron transport must proceed further through the film,
resulting in higher electron densities in the film at short circuit
and therefore more significant recombination losses. Consistent
with this interpretation we note that, in contrast to the enhance-

correlates with the device performance characteristics shownment inV,., which was found to be highly reproducible, the

in Figure 6 and Table 2. The D3 overlayer coated film exhibit
not only the smallest accelerationtiae, under negative biases,

devices fabricated from these coated films also exhibit the

smallest dark current, and the correspondingly the higiigst
In contrast, the Si@overlayer results in an acceleration of

enhancement imsc was less reproducible and appeared to be
dependent upon the details of the fabrication of the,Tiln.
Several studies have previously reported that treatment of
nanocrystalline Ti@with TiCl, solutions results in a significant
improvement in device performang&This treatment typically

recombination dynamics at negative biases, an increased darkesults in a significant improvement lg, partially offset by a

current, and correspondingly a lowc.
It follows from the discussion above that the differences in

small reduction iV, The improvement in device performance
has been variously attributed to increased film thickness,

device performance for the different metal oxide overlayers increased light scattering, increased dye adsorption and necking
derives from the influence of these overlayers upon the bias growth during postannealing leading to improved electron

dependence of the film electron densitygV). This influence

transport3-3%> We have compared the results we report herein

can be readily rationalized in terms of differences in acid/base for the ALOs, SiO,, and ZrQ coatings with results we obtain
properties of the overlayers. The conduction band energeticsfor TiCls treatment of the films. Ti@films were dipped in 0.15

of nanocrystalline TiQhave been shown to exhibit a Nernstein

M TiCly4 in 2-propanol for 10 min followed by sintering at 450

dependence upon electrolyte pH, attributed to protonation/ °C. Characterization of the resulting films yielded data quali-
deprotonation of surface oxygen moieties and/or intercalation tatively similar to those reported here for Si€vated TiQ films,

of protons into the Ti@nanoparticles! The influence of these
protonation processes upon the Fi@lectron density under

namely a retardation of the recombination dynamics in the
absence of applied bias, an enhanced sensitivity of the recom-

negative bias may derives from bulk electrostatic effects, or from bination dynamics to negatively applied bias, an enhanced
the introduction of localized sub-bandgap states. With regard electron density in the film under negative applied bias, higher
to the influence of the overlayer coatings, their influence upon Isc and lower Voc. These results will be presented in full
such protonation processes can be determined from consideratioelsewhere. These observations do however suggest that the TiCl
of pzc values (the pH values for zero surface charge) for the treatment of nanocrystalline Tidilms results in a film coating

different metal oxides as indicated in Table 1. An excellent

functionally similar to a SiQoverlayer, namely a coating which

correlation is observed between these pzc values and dependende an insulating layer for electron transfer but which increases
of the electron densities under negative bias upon the metalthe electron density in the film under negative bias. The increase

oxide overlayers. A3 has a high pzc (i.e., is basic), indicating
that it will tend to deprotonate the Tydilm, consistent with
the relatively low electron densities observed for this film under
negative bias. This effect compliments the blocking layer

in electron density under negative bias is consistent with the
acidic nature of TiCj. It therefore appears possible that the
improvement inls. widely observed with the use of this film
treatment may derive, at least in part, from a retardation of

function of this overlayer, resulting in the observed improvement interfacial recombination process due to the formation by this

in cell performance. In contrast, Si(as a low pzc (i.e., is
acidic), resulting in a net protonation of the BiConsistent
with the higher electron density observed with this overlayer.
As a consequence, for high cell voltages, the ;Si@erlayer,

treatment of an interfacial blocking layer. This conclusion is
consistent with previous observations that the Ti@atment

is most effective for improving the efficiency of relatively

inefficient devices, with minimal effect on efficient devices in

despite its insulating function, actually results in an enhancementwhich electron transport through the TiGilm is already
of recombination losses and, therefore, a lower cell open circuit optimized, thereby preventing significant recombination losses
voltage. Following these observations, it can be concluded thatat short circuit condition3°

optimum device performance will be achieved with basic metal

(30) Nelson, J.; Haque, S. A.; Klug, D. R.; Durrant, JARys. Re. B: Condens.
Matter Materials Phys2001, 63, 205 321205 329.

(31) Rothenberger, G.; Fitzmaurice, D.; @el, M. J. Phys. Chem1992 96,
5983-5986.

(32) zZhang, D,; Ito, S.; Wada, Y .; Kitamura, T.; YanagidaCBem. Lett2001,
1042-1043.

(33) Kambe, S.; Nakade, S.; Wada, Y.; Kitamura, T.; Yanagidal. $ater.
Chem2002 723-728.

(34) Yin, H.; Wada, Y.; Kitamura, T.; Sumida, T.; Hasegawa, Y.; Yanagida, S.
J. Mater. Chen002 378-383.
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